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Interrelation Between Protein Synthesis, Proteostasis and Life Span 
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Abstract: The production of newly synthesized proteins is a key process of protein homeostasis that initiates the biosyn- 
thetic flux of proteins and thereby determines the composition, stability and functionality of the proteome. Protein synthe- 
sis is highly regulated on multiple levels to adapt the proteome to environmental and physiological challenges such as ag- 
ing and proteotoxic conditions. Imbalances of protein folding conditions are sensed by the cell that then trigger a cascade 
of signaling pathways aiming to restore the protein folding equilibrium. One regulatory node to rebalance proteostasis 
upon stress is the control of protein synthesis itself. Translation is reduced as an immediate response to perturbations of 
the protein folding equilibrium that can be observed in the cytosol as well as in the organelles such as the endoplasmatic 
reticulum and mitochondria. As reduction of protein synthesis is linked to life span increase, the signaling pathways regu- 
lating protein synthesis might be putative targets for treatments of age-related diseases. Eukaryotic cells have evolved a 
complex system for protein synthesis regulation and this review will summarize cellular strategies to regulate mRNA 
translation upon stress and its impact on longevity. 
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INTRODUCTION 

Ribosome biogenesis and mRNA translation are complex 
processes, which are tightly controlled in the nucleus and 
cytosol [1-4]. Protein synthesis is a highly energy-consuming 
process and is therefore linked to environmental conditions, 
such as nutrient availability and stress [3, 5, 6]. Stress leads 
to a shift of the energy distribution from production to sur- 
vival mode, leading to a reduction of global protein synthesis 
and activation of stress response pathways [4, 7, 8]. There- 
fore, ribosome biogenesis and mRNA translation are impor- 
tant regulatory nodes for survival upon stress. 

The eukaryotic ribosome consists of two subunits. The 
small 40S subunit is composed of 18S rRNA and up to 33 
ribosomal proteins (r-proteins) whereas the large 60S subunit 
consists of 5S, 5.8S and 25-28S rRNAs and up to 49 r- 
proteins [9, 10]. Its biogenesis to a functional unit comprises 
many highly conserved and controlled steps including rRNA 
maturation, r-proteins synthesis and transports between nu- 
cleus and cytosol [9, 11]. More than 200 non-ribosomal fac- 
tors, such as chaperones, are involved in RNA folding, 
cleavage, transport and stabilization [12, 13]. Thereby, the 
spatial separation of ribosome assembly and protein synthe- 
sis in nucleus and cytosol is one check point to control ribo- 
some function by preventing premature translation through 
export control [14]. 

The mRNA translation process can be divided into four 
parts: initiation, elongation, termination and ribosome 
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recycling, with a regulatory focus on translation initiation 
[15]. The eukaryotic cap-dependent translation initiation 
process includes mRNA initialization by initiation factor 
(elF) complex eIF4F and poly(A)-binding protein PABP (for 
mRNA cyclization) as well as the recruitment of the 43S pre- 
initiation complex (PIC), which subsequently scans the 
mRNA for AUG start codon [15]. After AUG match, irre- 
versible hydrolysis of GTP is performed and scanning is 
stopped, leading to elF release and 60S recruitment to form 
the 80S ribosome for translation elongation [15]. Upon ribo- 
somal exit, two ribosome-associated chaperones, namely 
ribosome-associated chaperone complex (RAC) in coopera- 
tion with Hsp70 family members and nascent polypeptide- 
associated complex (NAC), assist in the initial folding steps, 
protect the nascent chains, and guide them to the down- 
stream cytosolic chaperone network for subsequent folding 
[16]. Together with protein degradation systems, a complex 
protein network is created, which is tightly regulated to 
maintain protein homeostasis (proteostasis). 

Upon acute stress, such as heat shock and nutrient restric- 
tion, diverse stress responses are activated (Fig. 1). The cyto- 
solic heat shock response (HSR) and unfolded protein re- 
sponses (UPRs) in the endoplasmatic reticulum (ER) and 
mitochondria shift the cell from production to survival mode. 
This is achieved by a reduction of global protein synthesis as 
well as by a selective induction of chaperones and proteases 
[4, 17-20]. If stress conditions persist (e.g. chronic stress, 
aging), stress pathways often start to fail, leading to protein 
aggregation and cellular death, which is often described in 
age-related diseases like Alzheimer's diseases, Parkinson 
and Huntington's disease [21, 22]. Interestingly, deletion or 
inhibition of translation components, such as ribosomal pro- 
teins, initiation factors and regulatory kinases, were reported 
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Fig. (1). Protein synthesis regulation in stress - an overview. (A) Upon stress (e.g. dietary restriction, heat shock) global protein synthesis is 
reduced by a complex cross-compartmental network of stress response pathways (TOR, GCN-2, PERK), which interact with components of 
the eIF4F complex (eIF4A, eIF4E, eIF4G) and 43S (40S, elFl, elFIA, eIF2, eIF3, eIF5) and thereby disturb mRNA translation initiation 
[15]. Dotted lines indicate general pathway interconnections which can be activating and/or inhibiting. Chaperones also regulate mRNA 
translation either by ribosome dissociation, which causes ribosomal stalling (NAC, Hsp70) or by interaction with PABP/eIF4G (Hsp27). (B) 
Enhanced synthesis of stress response proteins, e.g. chaperones, degradation machineries, transcriptions factors (TF), is mediated by IRES, 
uORFs and TOP elements, enabling protein synthesis in conditions where global mRNA translation is reduced. Cytosolic, mitochondrial and 
ER stress responses recruit TFs (e.g. HSF-1, ATFS-1, XBP-1) to induce compartment-specific stress response protein production. 



to increase life span [17, 23]. But how can alterations in the 
translational machinery have positive effects on longevity? 
In the following paragraphs, cellular pathways will be re- 
viewed discussing mRNA translation adaptation in response 
to stress and their influence on life span. 

PROTEIN SYNTHESIS IN STRESSFUL CONDITIONS 
- KEEP THE MACHINERY RUNNING OR STEP ON 
THE BRAKE? 

Protein folding already starts during mRNA translation 
and is tightly regulated to avoid early protein misfolding [24, 
25]. One regulatory element is the mRNA itself. Optimal 
codons, whose matching tRNAs are high in number and 
guarantee an efficient amino acid transfer, are associated 
with conserved sites in proteins and are often found in ag- 
gregation-prone regions [26, 27]. In contrast to that, non- 
optimal codons cause a reduction of translational speed as its 
matching tRNAs are less abundant [24]. Thereby, clusters of 
non-optimal codons are associated with protein's secondary 
structures, suggesting that codon usage serves as a fine- 
tuning element for translation elongation and co-translational 
folding [24, 28, 29]. The secondary structure of mRNAs can 



also cause translational pausing, as the ribosomal helicase 
activity has to unwind these structures to continue translation 
elongation [30]. In addition, positively charged residues are 
also able to slow down translation by interaction with ribo- 
somal structures, which are linked to protein degradation by 
the ubiquitin proteasome system [31]. Although this regula- 
tory system, in addition to ribosome-bound chaperones that 
will be discussed below, is very complex and adapted to the 
abundance and physico-chemical properties of proteins, it is 
not sufficient upon stress and is therefore supported by nu- 
merous stress response pathways discussed in this review. 

Starving Cells - Responses to Dietary Restriction 

If nutrient availability is restricted, energy has to be re- 
stored for cell survival. As mRNA translation is a highly 
energy-consuming process, protein synthesis is reduced in 
response to stress such as starvation [1]. Reduction in mRNA 
translation can be achieved in two ways, (1) by reduction of 
the number of ribosomes and (2) by inhibiting the mRNA 
translation process. The target of rapamycin (TOR) signaling 
pathway participates in both ribosome biogenesis and 
mRNA translation by its downstream targets S6 kinase (S6k) 
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and eIF4E-binding protein (4EBP) [4, 32, 33] and is highly 
conserved from yeast to mammals [17, 34]. There are two 
different TOR complexes, TORC1 and TORC2, which differ 
in structure and function [35]. In mammals, mTORC2 is 
influenced by growth factors and regulates cell survival, 
metabolism and cy toskeletal organization [36, 37] . However, 
mTORCl processes signals stemming from stress, energy 
levels and oxygen and modulates autophagy, cell growth and 
macromolecule biosynthesis [36]. As this section will focus 
on TORC1 it will be referred to hereafter as TOR. During an 
active TOR signaling, TOR binds eIF3 and promotes direct 
phosphorylation of S6k and 4EBP [38]. Phosphorylation 
leads to dissociation of 4EBP-eIF4E and S6K-eIF3- 
complexes, resulting in eIF4F complex formation and 43S 
complex recruitment [38, 39]. In addition, S6k phosphory- 
lates numerous factors, which are involved in translation 
initiation, among others [38, 39]. Upon dietary restriction 
(DR), TOR is inactivated and causes enhanced autophagy, 
altered Insulin-like-signaling (ILS), a hypoxic response and a 
reduction of total mRNA translation [17, 36, 40]. Concern- 
ing the latter point, TOR participates in r-protein synthesis, 
rDNA transcription as well as mRNA translation initiation, 
which will be inhibited due to reduced TOR signaling upon 
stress (Fig. 1A) [32, 41, 42]. The importance of this signal- 
ing pathway and mRNA translation to stress response and 
longevity is demonstrated by the observations that a deletion 
of TOR pathway components or translation initiation factors 
lead to life span extension in yeast, nematodes, fruit flies and 
mice [4, 43-46]. For example, inhibition of nematode ifg-1 
(orthologue of eIF4G), which is also down-regulated upon 
starvation, results in selective expression of stress response 
genes [44]. Furthermore, in mammalian cell culture experi- 
ments, it was reported that decreasing TOR activity is asso- 
ciated with enhanced Hsp70 translation [34]. These results 
demonstrate that, besides a reduction in chaperone load by 
mRNA translation decrease, dietary restriction is also able to 
activate stress responses, which may also contribute to an 
increase in life span. 

Besides TOR signaling, a second pathway is involved in 
monitoring and responding to nutrient availability. In this 
general amino acid control pathway (GAAC), uncharged 
tRNAs accumulate due to nutrient restriction, which cause 
an activation of GCN-2 (general control nonderepressible 2) 
[47]. GCN-2 is a protein kinase that is activated by binding 
uncharged tRNAs and thus monitors nutrient restriction [48] . 
Active GCN-2 phosphorylates eIF2a (Fig. 1A) and that leads 
to mRNA translation inhibition as well as a selective expres- 
sion of genes, encoding for proteins of the amino acid bio- 
genesis pathways [47, 49]. An interconnection of this path- 
way and TOR signaling is indicated in yeast, where GCN-2 
is activated by inhibition of TOR signaling [50]. Also in C. 
elegans, an interconnection between LET-363 (orthologue of 
TOR) and GCN-2 pathways is demonstrated as GCN-2 is 
able to regulate PHA-4 (orthologue of FoxA), a transcription 
factor downstream of LET-363 [49]. Similar to the TOR 
pathway, an important role of GCN-2 in life span regulation 
is indicated as a loss of GNC-2 function decreases life span 
upon amino acid limitation [49]. These results demonstrate a 
tight interconnection of TOR and GCN-2 pathways and indi- 
cate that DR can lead to activation of a complex system to 
regulate mRNA translation and longevity. 
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Regulation of mRNA Translation by Chaperones 

To prevent unwanted intermolecular interactions, caused 
by the high abundance of macromolecules in the cytosol 
(300-400 mg/ml) [51], the emerging nascent chain is pro- 
tected by two chaperone complexes that associate with the 
ribosome, NAC and RAC-Ssb in yeast or mRAC-Hsp70 in 
mammals [52]. 

NAC is required for efficient translational activity and 
assists in the folding of newly synthesized proteins, but can 
also dissociate from the ribosome to exhibit chaperone func- 
tion independent of the ribosome [20, 51]. As deletion of 
NAC causes ubiquitination of longer and aggregation-prone 
proteins, NAC not only protects proteins from misfolding, 
but also from degradation [53]. In addition, NAC can act as a 
sensor of protein folding, transmitting information of the 
cytosolic protein folding conditions to the ribosomal transla- 
tion machinery [20]. With increasing amounts of misfolded 
and aggregated proteins upon heat shock, NAC dissociates 
from the ribosome and acts as a chaperone by aiding in pro- 
tein re-solubilization (Fig. 1A). Thereby, a dissociation of 
NAC from the ribosome leads to a reduction of mRNA trans- 
lation rate [20] . The dissociation of NAC from the ribosome 
is reversible with cessation of the stress, once protein ho- 
meostasis is rebalanced. In contrast, upon chronic stress, 
caused for instance by the constitutive expression of aggre- 
gation-prone proteins or aging, NAC is not enabled to re- 
associate with the ribosome as protein folding conditions do 
not recover [20]. However, a number of questions regarding 
NACs role in the regulation of ribosomal activity or proteo- 
stasis remain open. First, it is not known yet how the transla- 
tional attenuation by NAC is achieved. Possible nodes of 
translation regulation by NAC in response to stress are ribo- 
some biogenesis and translation initiation, as a role for NAC 
in both processes was reported [54, 55]. Second, it is also not 
understood yet whether NAC directly interacts with sub- 
strates or whether it assists other chaperones in their remod- 
eling functions [20]. Support for the latter stem from co- 
immunoprecipitation data of NAC using a whole cell lysate 
that identified chaperones from all major chaperone families 
as interaction partners of NAC, including Hsp70, Hsp90, 
sHsps and HspllO [20]. These results implicate a complex 
interaction network of NAC and its important role in cellular 
proteostasis [20]. 

The second ribosome-bound chaperone system is com- 
prised of RAC and Ssb (Hsp70 family member) in yeast or 
mRAC and cytosolic Hsp70 in mammals [51]. About 70% of 
the nascent chains are thought to interact with the RAC-Ssb 
system in yeast, showing a strong enrichment of aggrega- 
tion-prone, large, multi-domain and slow translated proteins 
[56]. In addition, RAC-Ssb was reported to participate in 
SRP (signal recognition particle)-independent transfer, deg- 
radation of nonstop mRNA and interaction with insoluble 
polyglutamine repeats in vivo [51, 56-59]. A similar chaper- 
one titration strategy to regulate protein synthesis as shown 
for NAC [20] has recently been demonstrated for mammal- 
ian Hsp70 (Fig. 1A) [60, 61]. It was shown that acute pro- 
teotoxic stress causes translation attenuation and a stalling of 
the ribosomes in the first 50 - 65 codon region [60, 61], 
where the nascent chain is partially still inside the ribosomal 
tunnel and just starts to exit the ribosome [52, 60]. Cytosolic 
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protein folding conditions could influence this stalling proc- 
ess by directly interfering with the folding of the nascent 
chain or by sequestration of Hsp70 as demonstrated before 
for NAC and RAC-Ssb [20, 60]. 

An additional player in the regulation of mRNA transla- 
tion is the small heat shock protein Hsp27 that interacts with 
the translation initiation factor eIF4G and the PABP1 during 
heat shock [2, 62-64]. Upon heat shock, elFG and PABP1 
dissociate from PABPl-eIF4G complex to interact with 
Hsp27 and re-localize from the cytosol to the nucleus, sug- 
gesting that Hsp27 accompanies their transfer into the nu- 
cleus [2]. In earlier studies, it was shown that with increasing 
temperatures, eIF4G in complex with Hsp27 is localized in 
insoluble heat shock granules after dissociation from PABP1 
[62]. During recovery, the Hsp27-eIF4G-PABP-complex is 
again detected in the cytosol, indicating that Hsp27 binding 
alone is not responsible for mRNA translation attenuation 
[2], In addition, a link between mRNA nuclear exit in pres- 
ence of eIF4G/PABPl and the increased nuclear concentra- 
tion of these proteins upon heat shock has been suggested 
[2]. With elevated temperatures, the export of eIF4G and/or 
PABP1 bound to mRNA might be prevented, indicating an 
uncoupling of mRNA nuclear export and translation, which 
could also explain the nuclear increase of eIF4G/PABPl 
upon stress [2]. In summary, these data demonstrate that 
chaperones not only act as refolding machineries to ensure 
survival upon stress but can also sense stress and influence 
mRNA translation to reduce new protein influx and with that 
limit the additional chaperone burden. 

ER Stress Response Affects Total Protein Synthesis 

The ER is a membrane bound organelle, responsible for 
synthesis, maturation and modification of proteins of the 
secretory pathway. The ER has evolved a system that re- 
sponds to imbalance of ER proteostasis - the UPR ER , com- 
prising the induction of ER chaperone expression, prote- 
olytic pathways such as ER associated degradation (ERAD) 
and a global reduction in protein synthesis [18]. One impor- 
tant ER sensor chaperone is the ATPase and Hsp70 protein 
BiP, which is located in the ER lumen and activates three ER 
stress response pathways, the inositol-requiring element 1 
(IRE-1), the PkR like ER kinase (PERK) and the activating 
transcription factor 6 (ATF6) in mammals [18]. Upon IRE-1 
and ATF6 pathway activation, expression of diverse genes, 
involved in ER expansion, protein folding and degradation, 
are induced [18, 65, 66]. The serine-threonine kinase PERK, 
which is kept as a monomer by BiP, starts to homodimerize 
upon stress, which leads to self- activation by phosphoryla- 
tion [18]. Activated PERK then phosphorylates eIF2a, caus- 
ing inhibition of mRNA translation by 43S ternary complex 
stalling (Fig. 1A) [18, 67]. In addition, it was demonstrated 
that eIF2a phosphorylation by PERK also disturbs rRNA 
transcription in ribosome biogenesis and regulates ATF6 
synthesis, indicating the integration of these pathways [68, 
42]. As the UPR progresses, the phosphatase GADD34 
(growth arrest and DNA damage-inducible protein 34), 
whose translation is elevated upon global translational at- 
tenuation by eIF2a-P, starts to dephosphorylate eIF2a-P, 
which causes translational recovery [69]. In aging rodents, a 
decline of e.g. BiP and PERK is observed [70, 71]. This sug- 
gests that the proteostasis system declines in aging cells, 
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which could exacerbate proteotoxic stress and may lead to 
neurodegenerative diseases. Besides the translational regula- 
tion through PERK in ER stress, there is also a crosstalk with 
other regulators of protein synthesis. The UPR ER is triggered 
by hyperactive mTOR signaling, for instance, indicating that 
protein synthesis integrates many signaling pathways [72], In 
addition, a connection between NAC and UPR ER was sug- 
gested, as NAC deficient nematodes show an up-regulation 
of HSP-4 (orthologue of BiP) [73]. It was suggested that loss 
of NAC might cause an expanded target pool for the SPR- 
mediated translocation. Hence, proteins could be transported 
to the ER, which normally would not be translocated and 
might cause UPR ER activation [73]. This again implicates the 
important role of NAC in cellular proteostasis as transloca- 
tion coordinator as well as in global mRNA translation as a 
central regulatory node of diverse stress responses. For fu- 
ture studies, it will be interesting to investigate the impact of 
impaired NAC function during aging and upon elevated ER 
stress. 

The Interconnection Between Mitochondrial and Cytoso- 
lic Protein Synthesis Upon Mitochondrial Stress 

The mitochondrion plays an important role in ATP pro- 
duction and energy supply for numerous essential cellular 
processes. Although mitochondria harbor their own protein 
synthesis machinery, their proteome is complemented by 
nuclear encoded proteins and thus a complex chaperone and 
protease system has been developed, to maintain mitochon- 
drial proteostasis [74], Upon accumulation of unfolded or 
aggregated proteins, e.g. due to excessive ROS production, a 
stress response is induced, which is due to its similarities to 
the ER stress response, called the UPR mt . The UPR mt in- 
volves a retro- signaling from mitochondria to the nucleus, 
inducing the expression of nuclear encoded mitochondrial 
chaperones and proteases [74]. 

Besides the activation of additional chaperones, it was 
reported that mitochondrial stress also leads to cytosolic 
mRNA translation reduction, as it is observed for the kinase 
PERK and the phosphorylation of eIF2a as part of the 
UPR ER . A putative pathway was identified in C. elegans, 
where mitochondrial dysfunction is sensed by a yet unknown 
mechanism that results in a GCN-2 mediated phosphoryla- 
tion of eIF2a and thus to a global translational attenuation 
(Fig. 1A) [7]. It was hypothesized that reduced cytosolic 
translation would consequently lead to a reduction in mito- 
chondrial protein import, which might down-regulate mito- 
chondrial translation and thus aid in the regeneration proc- 
esses to cope with mitochondrial proteotoxicity [7] . The im- 
portance of GCN-2 in mitochondrial dysfunction is demon- 
strated by the finding that GCN-2 is required for life span 
extension upon mitochondrial stress [7]. 

A direct correlation between cytosolic mRNA translation 
and mitochondrial dysfunction has been observed in a recent 
analysis of stress response profiles in long-lived yeast strains 
identifying the mitochondrial AAA protease AFG3 and r- 
proteins of the large ribosomal subunit (MRPL) [75]. AFG3 
is a regulator of electron transport chain complexes and is 
also required for mito-ribosome maturation [75, 76]. It is 
thereby suggested, that loss of AFG3 causes failure of mito- 
ribosomal assembly, as the AFG3 target MRPL-32 cannot be 



70 Current Genomics, 2014, Vol. 15, No. 1 

cleaved for maturation. Failure in mitochondrial ribosome 
assembly may induce signals for cytosolic translation at- 
tenuation and thereby prevent an imbalance between nuclear 
and mitochondrial encoded proteins [75]. A putative role of 
the mitochondrial r-protein MRPL-32 in translation attenua- 
tion signaling pathway was suggested as MRPL-32A cells 
also show life span extension [75]. Mitochondrial ribosomal 
proteins in general seem to have an important influence on 
life span [17]. In mice and C. elegans, MRPS-5 was reported 
to be important for life span regulation [19]. Knockdown of 
mrps-5 leads to a reduction in cellular ATP levels, which is 
possibly caused by reduced mitochondrial mRNA translation 
and hence mitochondrial function. In addition, mrps-5 
knockdown activates UPR mt , which seems to be specific as 
the UPR ER and cytosolic heat shock response are not affected 
[19]. MRPS-5 expression decreases in muscles of aging mice 
[19]. As mrps-5 knockdown leads to life span increase, the 
age-related MRPS-5 decline may serve as early protein ag- 
gregation prevention strategy by reducing mRNA translation 
in aging cells. Age-related decrease of MRPS-5 protein syn- 
thesis can be rescued by nutrient restriction. In addition, 
mito-nuclear imbalance is also induced by the TOR inhibitor 
rapamycin via alteration in nDNA/mtDNA oxidative phos- 
phorylation protein ratio and thus provides a connection to 
dietary restriction pathways [19]. Rapamycin also activates 
UPR mt , but not UPR ER or cytosolic HSR, demonstrating the 
sensitivity of mito-nuclear balance and its effects on cross- 
compartmental stress responses. These results raise the ques- 
tion whether components of the mito-nuclear balance or the 
mitochondrial protein synthesis could serve as putative tar- 
gets for age-related diseases. 

Role of Ribosomal Proteins on Life Span 

The reduction of mRNA translation, which is linked to 
life span increase, can be achieved by prevention of transla- 
tion initiation or by reduction of the number of ribosomes. 
To identify the role of ribosomes on life span regulation, r- 
protein deletion and RNAi studies were performed in yeast 
and nematodes [4, 17, 33, 45, 77, 78]. In these analyses more 
than 10 r-proteins were identified, which correlated with life 
span extension. Life span regulating r-proteins that were 
identified in all screens and thus whose function in life span 
extension is conserved across species were RPL-6, RPL-9 
and RPL-19 [17, 45, 79, 80]. A deletion of r-proteins could 
increase life span by two possible pathways: (1) alteration of 
mRNA translation (by reduction of the number of ribosomes 
or decreased translation) and (2) induction of stress response 
pathways. For example, it has been demonstrated that life 
span expansion by r-protein deletion relies in part on the 
transcription factor GCN-4 [45]. Furthermore, deletion of r- 
proteins was demonstrated to reduce sensitivity to ER stress, 
indicating cross-compartmental signaling of translational 
activity [79]. Recently it was shown that RPL-22 of the 
mammalian 60S subunit is able to regulate ribosome compo- 
sition. A deletion of RPL-22 leads to the expression of its 
paralog and thereby restores translational activity [81]. These 
findings implicate the importance of the integrity of the ribo- 
somal structure as conserved r-proteins influence life span 
and higher eukaryotes seem to have evolved a back-up sys- 
tem. 
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Keeping the Machinery Running - Enhanced mRNA 
Translation in Stress 

Stress responses in the cytosol as well as UPRs in ER 
(UPR ER ) and mitochondria (UPR mt ) include the up-regulation 
of stress response proteins, such as chaperones, transcription 
factors and components of the degradation machinery [18, 
43, 65, 66, 74]. As reported earlier, general protein synthesis 
is down regulated upon stress, so how can these proteins 
efficiently be generated if translation machineries are re- 
pressed? One regulatory node is mRNA transcription, where 
specific transcription factors bind on elements in stress pro- 
tein promoters (Fig. IB). These factors are activated as part 
of diverse stress response pathways like UPR ER , UPR mt and 
the cytosolic HSR and include the key stress transcription 
factors XBP-1 (X-box binding protein), ATFS-1 (activating 
transcription factor associated with stress) and HSF-1 (heat 
shock factor), respectively [43, 65, 66, 74]. As these factors 
act on the transcriptional level, how can these stress proteins, 
e.g. chaperones, be efficiently translated in response to 
stress, where global mRNA translation is reduced? 

Enhanced mRNA translation upon stress is achieved by 
mRNA structures in the 5' untranslated region (5' UTR) (Fig. 
IB). IRES (internal ribosomal entry site) is one of them and 
allows for ribosome recruitment in a cap-independent manner 
[82]. About 10% of human mRNAs harbor these special 
mRNA structures [83], including the chaperone BiP (binding 
immunoglobulin protein), which enables translation in stress- 
ful conditions, when cap-dependent translation is inhibited 
[84]. IRES frans-acting factors (ITAFs) were reported to regu- 
late the IRES-mediated translation where they may function as 
chaperones that remodel the IRES structure [83, 85]. Recently, 
it was reported that the insulin-receptor contains IRES struc- 
tures in Drosophila and mice, whose signaling is also required 
for stress responses [86]. These results emphasize the impor- 
tance of these conserved RNA structures as they regulate im- 
portant receptors of conserved signaling pathways. Another 
possibility for enhanced mRNA translation in stress is the 
uORF strategy (upstream open reading frame), which is re- 
ported to occur in -50% of total human mRNA [87]. The 
presence of uORFs interrupts cap-dependent translation initia- 
tion, but upon stress and eIF2a-P mediated translation reduc- 
tion, uORF-regulated genes can be translated. One example is 
the translation of the human transcription factor ATF4 (acti- 
vating transcription factor), which has two uORFs in its 
5'UTR [88]. Besides that, many mRNAs, which encode pro- 
teins of the translation machinery, such as translation factors 
and ribosomal proteins, contain a terminal oligo pyrimidine 
tract (TOP) in their 5'UTR, which is important for enhanced 
protein synthesis in recovery periods [2, 64, 89] . The mecha- 
nism of TOP element regulation is still controversial, but it is 
suggested that TOR signaling and diverse trans-acting factors 
might play a role [2, 90-92] These strategies indicate how 
fine-tuned translation regulation in cells can become as cells 
can switch from global to specialized protein synthesis to en- 
sure cell survival upon stress. 

RIBOSTASIS, TISSUE-SPECIFIC SENSITIVITIES 
AND TRANS-TISSUE STRESS RESPONSES 

Besides the many effects of genetic and environmental 
signals on translation machineries [4, 17-19], the RNA 
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molecules themselves can be altered during aging due to 
oxidation by ROS [93, 94]. Lately, Ramaswami and co- 
workers introduced the concept of ribostasis, which was 
defined as the appropriate production and regulation of the 
cellular transcriptome, which has downstream effects on 
proteostasis [95]. Emphasizing the importance of ribostasis 
for the cellular and organismal survival, many factors like 
stress granules, which sequester mRNA, miRNAs or RNA- 
binding proteins, influence ribostasis and have an impact on 
downstream mRNA translation and proteostasis [93, 95]. 
Neurons were reported to be more sensitive to ribostasis 
changes as they are long-lived, have an increased risk of 
mRNP (messenger ribo-nucleoprotein particles) aggregates 
and, due to their inter-neuronal connectivity, exhibit a higher 
possibility to spread these alterations [95]. 

In addition, recent studies demonstrated tissue-selective 
as well as fraws-tissue stress responses in C. elegans (Fig. 2) 
[20, 96-99]. In neurons, UPR ER induction and XBP-1 activity 
lead to a secreted ER stress signal, which causes XBP-1 ac- 
tivation via IRE-1 in distal intestinal cells (Fig. 2A) [96]. In 
addition, an elevated Hsp90 expression in muscle cells due 
to metastable myosin proteins, also increased Hsp90 expres- 
sion in intestinal cells, which is regulated by fraws-cellular- 
chaperone signaling and PHA-4 (orthologue of FoxA) activ- 
ity (Fig. 2B) [98]. As elevated Hsp90 causes repression of 
HSR, hsp-90 knockdown causes an organismal HSR which 
also involves PHA-4 activity (Fig. 2B) [98]. With respect to 
aging, accumulation of those proteostasis imbalances in 
muscles might induce Hsp90 expression in a distal tissue and 
hence an overall increased sensitivity to heat shock, promot- 
ing organismal aging. Interestingly, expression of stressor 
proteins, such as polyQ or A|3 proteins in muscle cells, lead 
to an organism-wide translational decrease (Fig. 2C) [20]. 



These findings again imply a widespread impact of a stress 
response in a single cell or tissue on global stress responses 
as well as longevity in multi-cellular organisms. 

Long-lived nematodes (DR or daf-2 mutants) show a 
global r-protein decline but also an increase in striated mus- 
cle proteins to maintain muscle integrity upon starvation 
(Fig. 2C) [99]. This organismal strategy allows locomotion 
upon nutrient restriction to find nutrient rich areas and dem- 
onstrates that stress signals can lead to fine-tuned cellular 
outputs. In line with that, a genome wide RNAi screen iden- 
tified negative regulators of the heat shock response, which 
show tissue-specific induction of Hsp70 upon RNAi medi- 
ated knockdown (Fig. 2D) [97]. These results also suggest 
that tissues may have different signaling responses upon the 
same stress condition that allows them to adjust to the spe- 
cific requirements of the tissue cell function [97]. At the 
same time, the organismal stress response network may also 
affect aging networks as aging cells and the subsequent de- 
cline in frans-cellular transmitted stress responses could in- 
crease stress sensitivities in other tissues, initiating an aging 
cascade. For future studies, it will be important to investigate 
the connection between these differences in stress response 
with respect to aging and age-related diseases. For example, 
are certain cell types more sensitive to aging due to weaker 
stress response patterns than other cells? Do aging cells "in- 
fect" other cells and thereby cause organismal aging? These 
and many more questions have to be answered in future to 
get an understanding of organismal aging and to advance 
treatment of age-related diseases. 

CONCLUSION 

Protein synthesis plays a central role in cellular and or- 
ganismal adaptation to environmental conditions. Upon 
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Fig. (2). Tissue-specific and tissue-spanning stress responses in C. elegans. (A) Stress responses, e.g. UPR , in neurons can generate signals 
that are transmitted to distal intestinal cells to induce similar stress responses there. This cell non-autonomous signaling could be achieved by 
exchange of small molecules (e.g. peptides, neurotransmitter, regulatory RNA) [96, 98]. (B) 7>a/is-cellular-chaperone signaling (TCCS) 
allows cross-tissue Hsp90 adaptation, which causes also reduced HSR in distal tissues due to HSF-1 inactivation by Hsp90. PHA-4 
(orthologue of FoxA) -mediated /rani-cellular-signaling allows HSR activation upon Hsp90 knockdown. (C) Attenuation of global mRNA 
translation is caused by reduction of ILS signaling/dietary restriction and expression of proteotoxic proteins, e.g. A[3 and polyQ proteins. 
Upon ILS signaling reduction the expression of muscle components is maintained to allow locomotion upon starvation. (D) Knockdown of 
HSR negative regulators (HNR 1 to 3) causes induction of tissue-specific Hsp70 expression (filled squares) in intestine (I), muscles (II) and 
spermatheca (III). 
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stress, protein synthesis is reduced, either by a decline of the 
number of ribosomes or mRNA translation inhibition, lower- 
ing chaperone burden by a reduction of protein influx [17, 
100]. The different cross-compartmental stress responses 
that also affect protein synthesis, are connected [19, 50, 72, 
79], setting up a multifaceted stress response network and 
allow tissue-specific, fraws-cellular and cross-tissue re- 
sponses [96-98]. Aging is associated with a decline in pro- 
tein quality control and chaperone activity [18, 101, 102]. 
Aging cells or tissues, which cope with increasing protein 
misfolding and aggregation, might induce aging processes in 
distal tissues and cause global organismal aging. Interest- 
ingly, it was speculated whether aging is more a result of 
over-activated stress responses rather than an accumulation 
of damage [103]. The truth might lie in the middle and both, 
excessed responses and damage accumulation, might con- 
tribute to the aging process. TOR signaling was often re- 
ported to play a role in life span regulation as its down regu- 
lation affects mRNA translation and increases life span [4, 
17, 32, 33]. As TOR inhibition by rapamycin increases life 
span in multicellular organisms, such as C. elegans and D. 
melanogaster and is conserved from yeast to mammals [17, 
34], its putative impact on aging regulation in mammals was 
brought into question. An increase in life span and a de- 
crease in age-related diseases upon rapamycin treatment 
were observed in mice [104, 105], but it is still controversial 
whether it is a direct consequence or caused by side effects 
of the rapamycin treatment. [104, 106]. Also in humans, a 
link between RPTOR (regulatory associated protein of 
mTOR) expression and longevity was shown [107], implicat- 
ing that this longevity pathway is strongly conserved and 
might be a putative target for future therapies of age-related 
diseases. 
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